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Abstract 
Acetone-PLIF is a preferable technique to measure temperature and exhaust gas distribution simultaneously in an optical 
accessible internal combustion engines with exhaust gas recirculation. In this work calibration data of the fluorescence signal 
intensity of acetone for excitation wavelengths of 248 nm and 308 nm is given for gasoline engine relevant conditions. An 
examplary application on a fired transparent Direct Injection Spark Ignition (DISI) engine is presented to clarify the accuracy of 
the calibration data.  
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1. Introduction 
The development of modern internal combustion engines aims more and more for the reduction of fuel 
consumption and pollutant emission. Main approaches to achieve these goals are the recirculation of exhaust gas 
(EGR) into the combustion chamber and a spray guided direct injection combustion concept. By this an 
inhomogeneous charge can be created in a way that during part load operation the combustion takes place only in a 
small area close to the spark plug where an ignitable mixture with a fuel-air ratio close to one is positioned. To 
prevent misfiring, the cloud of fuel-air mixture has to be placed there very precisely and reproducible [1]. 
Furthermore, the presence of additional, non reactive exhaust gas reduces the temperature and therefore formation of 
thermal NOx. Hence, detailed information about temperature and exhaust gas distribution in the combustion 
chamber is necessary to control and optimize the combustion.  
The applied measurement technique must have a high temporal and spatial resolution and should be non invasive. 
Planar Laser Induced Fluorescence (PLIF) imaging fulfills these criteria and thus is suitable to simultaneously 
measure temperature and EGR concentration fields in optical accessible engines. Main advantages of the PLIF 
compared to other optical measurement techniques are the high signal strength and the red-shift of the signal, which 
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allows blocking the usually huge amount of scattered excitation laser light by optical filters. A promising approach 
is the two-line excitation LIF, described in detail, e.g., in [2]. A suitable tracer is acetone due to its good stability 
against chemical decomposition. In calibration measurements it showed no signs of decomposition at temperatures 
up to 748 K with residence times of less than 1 s, Thurber et al. reported stability even up to 1000 K [3].  Although it 
has low quantum efficiency, up to now it is the only available techniques to visualize temperature and EGR 
concentration simultaneously. This is achieved by seeding the intake air with acetone, under the assumption that 
there is a binary mixture of air and exhaust gas in the combustion chamber.  
Most of the already published calibration measurements and fluorescence quantum yield models for acetone [4-6] 
were carried out for elevated temperatures at atmospheric pressure or elevated pressure at room temperature. Since 
engine relevant conditions are mostly at elevated temperature and pressure at the same time, calibration data for the 
operating range of gasoline engines will be given here for excitation wavelengths of 248 and 308 nm. Also an 
example for the application of this technique in a DISI engine is shown afterwards.  
 
2. Two-Line Excitation LIF 
Acetone is a widely used tracer due to its already mentioned good stability against chemical decomposition up to 
1000 K under short residence times, its broad band absorption spectrum in the ultra violet region up to 320 nm, 
which is easily accessible with commercial lasers, and its insensitivity to bath gas composition and quenching [7]. 
Still the dependencies of the fluorescence signal strength on temperature, pressure and bath gas composition have to 
be taken into account. The fluorescence signal Sfl can be calculated by 
 
௙ܵ௟ ൌ ߟ ȉ ܧ ȉ ߩ௧௥௔௖௘௥ ȉ ߪሺߣǡ ܶሻ ȉ ߶ሺߣǡ ܶǡ ݌ǡ ߯௜ሻ  ሺͳሻ
 
where Ș is the optical efficiency factor, E is the laser pulse energy, ȡtracer is the tracer density, ı(Ȝ,T) is the 
absorption cross section as a function of the temperature T and excitation wavelength Ȝ and ߶(Ȝ,T,p,Ȥi) is the 
fluorescence quantum yield as a function of temperature T, pressure p, wavelength Ȝ and bath gas composition Ȥi. 
The laser pulse energy of every shot can be measured with an energy meter. The optical efficiency factor Ș can be 
eliminated by dividing the signal by a reference signal of known temperature, pressure and bath gas composition and 
identical optical parameters. The remaining unknown factors are the temperature, pressure, the bath gas composition 
and the tracer density. In IC-engines the pressure can be assumed to be a global quantity and therefore easily taken 
from an in-cylinder pressure transducer.  
When exciting the tracer with two different laser sources with a temporal separation of only a few microseconds, 
the temperature and concentration fields do not change. Therefore two quasi-simultaneous signals can be acquired 
and each has to be normalized to an own reference at the same operating conditions. By building the ratio of these 
signals, the influence of the tracer density cancels out. In this work excitation wavelengths of 248 nm and 308 nm 
were used.  
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The term “norm” in the subscript means that the corresponding value is normalized to a reference. A first 
approximation of the temperature can then be calculated, assuming only fresh intake air in the combustion chamber.  
 
ܶ ൌ ݂ ൬ௌయబఴǡ೙೚ೝ೘
ௌమరఴǡ೙೚ೝ೘
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Under the same assumption, the tracer density can then be calculated with the obtained temperature from one of 
the two signals.  
 
690 J. Trost et al. / Physics Procedia 5 (2010) 689–696
                                                                             Author Name / Physics Procedia 00 (2010) 000–000  
ߩ௧௥௔௖௘௥ ൌ ݂൫ܵଷ଴଼ǡ௡௢௥௠ǡ ܶǡ ݌ǡ ߯௜൯  ሺͶሻ
 
The typical amount of fuel vapor in engines is below 2% and can therefore be neglected. So the bath gas can be 
considered as a binary mixture of intake air and exhaust gas. When the tracer is added to the intake manifold in a 
known amount, its density is then directly proportional to the fraction of the intake air, because acetone is consumed 
during the combustion process, so that the exhaust gas contains no tracer.  
 
ߩ௧௥௔௖௘௥̱߯௔௜௥ ൌ ͳ െ ߯ாீோ  ሺͷሻ
 
Thus a first approximation of the bath gas composition can be calculated. With this information the temperature 
and concentration can be recalculated iteratively with equations (3) and (4). The iteration is stopped when the 
difference between two consecutive steps is smaller than a certain abort criterion.  
For this measurement technique, obviously the dependency of the signal intensities on temperature, pressure and 
bath gas composition have to be known. Therefore, acetone was calibrated over the expected temperature, pressure 
and bath gas range of an IC engine. To reduce the calibration effort, the comparatively low influence of the bath gas 
composition was in this work only measured for fresh air and a mixture of 50% fresh air and 50% synthetic exhaust 
gas; the exact composition is given below.  
 
3. Experimental Setup 
The calibration measurements were performed in a heated pressure cell to simulate the engine relevant 
conditions. A continuous gas flow of a mixture of acetone and bath gas was set up with high-precision mass flow 
controllers. The gas mixture was heated directly before and in the cell. By this a short residence time of the gas in 
the heated area less than 1 s could be achieved to prevent decomposition of the tracer. The actual temperature in the 
cell was measured with a platinum resistance thermometer directly below the measurement area. The pressure was 
controlled by a throttle valve at the outlet of the chamber. Its value was obtained by a pressure transmitter. For 
optical access the cell is equipped with four fused silica windows.  
The fluorescence was excited by a pulsed KrF laser with 248 nm and a pulsed XeCl laser with 308 nm 
wavelength (Fig. 1). Both laser profiles were optimized by beam homogenizers to ensure spatially homogeneous 
illumination of the measurement field. Even temporal fluctuations in the laser beam are reduced by the 
homogenizers [8]. The energy of every laser pulse was recorded with an energy detector over a beam profile 
sampler. The measurement was conducted with an intensified CCD (ICCD) camera. To filter out scattered laser 
light, a dielectric 355 nm long pass filter with a steep cutoff edge and a suppression rate of 106 was installed in front 
of the camera.  
 
 
Fig. 1. Optical setup for calibration measurements including cell and camera 
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The exposure time of the camera was set to 240 ns, the images were read out with 4 x 4 binning to reduce the 
intensifier gain and decrease the readout noise. To keep the signal intensity always in the middle of the dynamic 
range of the camera, neutral-density filters were mounted when needed. Thus the aperture and camera settings could 
be kept constant for all experiments, which avoids unwanted effects such as change in depth of field or different 
noise characteristics. The signals from the two lasers were taken alternately with a frequency of 2 Hz. With each 
laser 50 measurements were taken at each operating point and were averaged with respect to the pulse energy of 
every shot. By this the shot-to-shot noise can be reduced strongly.  
 
4. Calibration Results 
The presentation of all calibration measurements in this work is with respect to the according signal strength in 
pure air at 298 K and 0.1 MPa. The results are given for a constant tracer number density of 0.06 kg/m3, which 
corresponds to a partial number density of 6.22 x 1017 molecules/cm3. It has to be noted that in literature sometimes 
the results are shown for a constant mole fraction, which would also be possible.  
 
4.1. Acetone in Air 
The normalized signal intensity for 308 nm is shown in Fig. 2a. The dots correspond to the measured values 
between 0.02 MPa and 2 MPa and between 298 K and 748 K. In favor of a better visualization not all measured 
values are presented in the figures. Whereas the signal increases strongly with the pressure for values below 0.1 
MPa, it is decreasing for values higher than about 0.5 MPa, which is due to oxygen quenching. In Fig. 2b the signal 
intensity for 248 nm is shown. Obviously, the influence of the pressure is stronger than for 308 nm. The decrease of 
the signal intensity at high pressure is caused by oxygen quenching [9]. Moreover, the temperature influence is 
inverted. The ratio of the two signals is shown in Fig. 3a. The sensitivity of the temperature dependency is 
decreasing with rising pressure. Therefore, low temperatures at high pressures are difficult to measure. As high 
temperatures usually come with high pressures in engines, this is less relevant for engine measurements.  
 
4.2.  Acetone in Synthetic Exhaust Gas 
Fig. 3b-4b show the calibration results of acetone in a mixture of 50% fresh air and 50% synthetic exhaust gas, 
that would result from a stoichiometric combustion of isooctane, which is used as a fluorescence free fuel surrogate 
for gasoline. The components of the mixture are 74.2% N2, 11.4% O2, 7.9% CO2 and 6.5% water vapor. High 
pressures at low temperatures could not be measured in this mixture because of the dew point of water. However, 
these points are not relevant for conditions in engines, since water is only found in the hot exhaust gas. In general, 
the values in the mixture are higher than in pure air due to the lower oxygen concentration and thus lower quenching 
probability. The signal ratio is very similar to air.  
 
Fig. 2. Signal intensity of acetone in air normalized to air at 298 K and 1 bar, 308 nm (a) and 248 nm (b) excitation 
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Fig. 3. Signal ratio of acetone in air (a) and air-EGR-mixture (b) normalized to air at 298 K and 1 bar 
 
 
Fig. 4. Signal intensity of acetone in air-EGR-mixture normalized to air at 298 K and 1 bar, 308 nm (a) and 248 nm (b) excitation 
 
5. Engine Results 
The calibration data serves for in-cylinder measurements of a fired transparent Direct Injection Spark Ignition 
(DISI) engine. The test engine has only one cylinder and is equipped with the head of a four-valve direct gasoline 
injection engine. A 40 mm high quartz glass ring and a piston window grant the optical access. Both lasers and their 
optical setup were adopted to the engine test rig. Detailed information about the setup can be found in [10]. The 
laser was coupled in from the bottom of the cylinder through the piston window, as shown in Fig. 5. A glass ring 
replaces the upper half of the cylinder to enable access to the spark plug area. Instead of the ICCD used for the 
calibration, a double-shutter ICCD with a fast-phosphor intensifier was used for the engine measurements, as the 
signals of both lasers have to be acquired quasi-simultaneously with a time spacing of 2 ȝs. The synchronization of 
the lasers with the camera and the engine was performed with a single cylinder engine control unit in combination 
with a crankshaft encoder. The acetone was added into a mixing chamber in front of the intake manifold by a 
commercial high pressure injection valve. All measurements were normalized to a reference point at 270° crank 
angle before ignition top dead center in motored operation mode.  
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Fig. 5. Optical setup for engine measurement 
 
In Fig. 6a exemplary averaged images at certain crank angles are shown. Due to the size of the glass ring and 
piston window, only part of the whole cylinder can be illuminated and seen. The illuminated field is about 30 mm 
wide, while the whole cylinder bore is 77 mm. The position of the spark plug is also marked in the pictures. The 
pictures in the upper row display the temperature, in the lower row the simultaneously acquired fraction of the 
intake air, which is complementary to the residual gas fraction.  
The average temperature in the cylinder during the compression stroke is shown in Fig. 6b, represented by the 
triangles. It matches very well a polytropic calculation from the pressure obtained by the pressure transmitter, shown 
as solid (pressure) and dashed (temperature) line. The hollow circles display the average fraction of intake air in the 
cylinder. As exhaust gas was sucked back from the exhaust manifold, the value is smaller than one. The value is 
slightly fluctuating, probably due to inaccuracies of the pressure transducer. As the true value is not known, a 
statement of the inaccuracy is difficult. 
 
 
 
Fig. 6.  (a) Single-shots of temperature and fraction of intake air during the intake stroke of a DISI engine; (b) Temperature and concentation of
residual gas in a DISI engine during compression stroke. The crank angle (°CA) is given in degrees after top dead center of the high pressure cycle 
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6. Conclusion 
The calibration measurements of the signal intensities of acetone over a range from 0.02 MPa to 2.0 MPa and 
298 K to 748 K are presented in this work. The two bath gases, that were examined, are pure air and a mixture of 
50% air and 50% synthetic exhaust gas. This calibration field covers the condition for the compression stroke of 
most spark ignition engines. For excitation, excimer lasers with wavelengths of 248 nm and 308 nm were used, 
which are commercially available and can easily be synchronized with the engine. Because of the simultaneous 
measurements of both wavelengths any possible error in the tracer density cancels out and the signal ratio for 
temperature measurements is improved in quality compared to former measurements. Even at temperatures of 748 K 
with a residence time of less than 1 s acetone showed no signs of decomposition, which proves its chemical stability. 
The application of the measurement technique on a transparent DISI engine showed good results. The temperature 
matches almost exactly a polytropic calculation and the concentration shows only small fluctuations.  
For the application of this measurement technique to compression ignition engines, the calibration field should be 
further expanded to higher pressures and temperatures, which occur in those engines. Prior to this the chemical 
stability of acetone under these conditions should be examined. Because of the decrease of signal intensity with the 
temperature for high excitation energies, the use of longer wavelengths than 248 nm should also be considered [11]. 
To reduce the large effort of calibration measurements, a theoretical model to calculate the signal intensity as 
presented by Thurber [12] could be used. But this model has to be enhanced before it can be applied, as large 
deviations from the measurements occur especially at simultaneously elevated pressure and temperature.  
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